tion by the subject (voluntary). Other work from the 19th
century provided hints of a motor source of voluntary Rizzolatti et al., 1987) . This view, the most recent incarnation of the motor-based view of attention, is consisperceptual biases. The overt behaviors associated with attention, such as moving the eyes and head and orienttent with many results from psychophysical studies of the relationship between saccades and orienting of ating to targets of interest, are by definition driven by motor control mechanisms. But the effect of motor comtention. Perhaps some of the most informative sets of experiments are those demonstrating a lack of separamands on visual input is not restricted to the indirect consequences of changes in eye and head orientation.
bility of the point of covert orienting from the point of intended gaze. Hoffman and Subramaniam (1995), refinThe idea that motor mechanisms might exert a direct influence on incoming sensory information has been ing the methods of similar studies on the relationship between saccades and covert orienting (e.g., Remingaround for more than a century. Noted physicist, physiologist, and philosopher Hermann von Helmholtz (1866) ton, 1980; Shepherd et al., 1986), measured detection accuracy of subjects instructed to make saccades to proposed perhaps the first hypothesis that eye movement commands affected incoming visual information. specific locations while also detecting targets at the same or different locations before saccade initiation. As a possible solution to the problem of how our perception of the world remains stable during saccades, HelmBased on the subjects' detection performance, the results suggested that attention was necessarily shifted holtz suggested that copies of movement commands could effectively cancel the visual consequences of the to the point of intended fixation. Subjects were unable to attend to one location while preparing to shift their eye movement. Later, physiological evidence of an involvement of eye movement mechanisms in visual atgaze to another. The close linkage between covert attention shifts and the planning of eye movements is consistention per se was noted by the noted Scottish physiologist Sir David Ferrier. Although among visual neuroscientent with an oculomotor-based view of spatial attention. tists Ferrier is mostly remembered for having incorrectly localized primary visual cortex in the parietal lobe inMotor Commands and Visual Representations stead of the occipital (Gross, 1997), his legacy is much Macaque visual cortex has been divided into two relaless tainted among oculomotor physiologists (e.g., tively separate, functional streams, one proceeding venSchall, 1997). 1981a, 1981b, 1985) , were based on the type of studies pioneered by Wurtz and colleagues to study the role of the superior seems even more curious. What function could presaccolliculus (SC) in saccades (Wurtz and Goldberg, 1972;  cadic activity in V4 serve? Clearly, the absence of preMohler and Wurtz, 1976). In the V4 experiments, monsaccadic enhancement prior to saccades to an empty keys were trained to make saccades to visual targets RF indicates that this is not a purely motor signal. On immediately upon their appearance or after a delay. Simthe other hand, its dependence on the direction of imilar to cells in the superficial layers of the SC, V4 neurons pending saccades seems to rule out a purely visual exhibit enhanced visual onset responses when a RF signal as well. Thus, as with superficial SC neurons, stimulus is used as a saccade target. This enhancement it is necessary to consider a visuomotor role of this is spatially dependent; when saccades are directed to modulation as well as its relation to visual attention. non-RF targets, there is no enhancement, also similar We might begin by asking how presaccadic activity to superficial SC cells. Furthermore, V4 neurons are "rediffers from passive visual activity, i.e., the activity folactivated" prior to delayed saccades to RF targets (Figlowing Although most shifts of attention are accompanied by shifts in gaze, we are nonetheless able to attend to a study, analyses revealed that these movements were guided by the target's orientation ( Figure 2B ). The endstimulus without fixating it. Attention can be directed covertly as well as overtly (Figure 3 ). Although we usually points of saccades tended to splay out along the axis of orientation. Moreover, the strength of the presaccadic bring targets of interest to the foveas, sometimes the required movements need to be suppressed. Gaze diresponse to each cell's preferred orientation in a population of cells correlated with the degree of visual guidrection is often deliberately averted from the subject of attention, particularly during social interactions. For ance. In other words, the fovea's landing point along the target's contour could be predicted by the degree primates, direct gaze is often a sign of aggression. As a result, subdominant macaques, for example, often to which V4 cells coded that contour prior to saccade onset.
avoid the gaze of the more dominant ones, even while covertly monitoring them (Mendelson et al., 1982) . To Consideration of the efferent projections of V4 neu- ., 1992) . Thus, the monkey had to which the animal had to indicate the appearance of a ignore the luminance changes at all locations but the target either with an eye movement or with a manual target location. During each experiment, we located a response. As with human subjects (Posner, 1980; Posner site within the FEF from which we could evoke saccades and Cohen, 1984), cues that correctly indicated the locawith microstimulation. We then mapped the region of tion of the impending target reliably lowered the monspace to which FEF stimulation shifted the monkey's key's reaction time. During the task, the investigators gaze, referred to as the "movement field" (MF), and electrically stimulated sites within the SC to evoke sacdetermined the current threshold. We placed the target cades. They found that the direction of stimulationto be attended at the MF or at another location. During evoked saccades was systematically shifted in the dia fraction of behavioral trials, we preceded the target rection of the cued (attended) location. Moreover, these change with microstimulation of the FEF at current levels shifts had a time course that mirrored the time course below that which evoked saccadic eye movements, of changes in reaction time to cued targets. This work while the monkey maintained fixation. On other trials, demonstrates that involuntary shifts in attention, as we stimulated the FEF when no target change took place measured by decreases in reaction time, are associated to determine if it altered the monkey's tendency to report with eye movement preparation. What remains unclear, a target change. however, is whether attention shifts are caused by sacWe found that when the target change was preceded cade preparation or vice versa.
by microstimulation of the FEF, monkeys were more If spatial attention shifts are a byproduct of preparasensitive to changes in target luminance than during tion of saccades to a particular location, then it should control trials ( Figure 5D ). Since our measurement of senbe possible to direct attention by manipulating oculomositivity depended on both the change and no-change tor signals. We recently explored this possibility by trial performance, this improvement resulted both from studying the effects of electrical microstimulation of the an increased detection of target changes and a de-FEF on spatial attention Fallah, 2001, 2003) . crease in the rate of "false alarms." The increased sensiAs mentioned previously, the FEF contains a map of tivity to the target change only occurred when the target saccades coded in retinotopic space (Bruce et al., 1985) . was placed in the MF. When the task was performed Microstimulation of the FEF evokes short-latency sacwith the target outside of the MF, there was no effect cades, the metrics of which are constant for a given of microstimulation. Thus, the effect of stimulation was site and virtually indistinguishable from visually guided not merely to globally heighten sensitivity to target saccades ( Figure 5A ). As with other motor-related strucchanges but to enhance detection performance at a tures, at each FEF site the probability of evoking a sacdiscrete location. cade depends on the parameters of stimulation, most But how could microstimulation improve performance notably current and pulse frequency (for review, see at an already attended location? If we assume that the Tehovnik, 1996). When stimulation current is varied, FEF monkeys paid maximum attention to the target location, sites can be characterized by easily obtained current given prior knowledge that the target change would octhreshold functions ( Figure 5B ). When an FEF site is cur there, how could performance be enhanced? Prestimulated below the current threshold, saccades are sumably, one should not expect to increase the allocanot evoked, but biases in the preparation of saccades tion of attention if it is already saturated. However, our can nonetheless be observed. For example, in the abability to increase a monkey's sensitivity to the target sence of a visual stimulus, subthreshold stimulation may change with microstimulation seems to have resulted fail to evoke a saccade. Yet, at the same current, the partly from a withdrawal of attentional allocation during tendency of the monkey to saccade to a stimulus placed control trials. During some sessions, the monkey's senat the location represented by neurons at the stimulation sitivity to the target change was measured in blocks site can be dramatically biased (Schiller and Tehovnik, with no microstimulation trials. Often, the monkey's sen-2001). We tested whether these oculomotor biases were sitivity was greater during these control-only blocks than accompanied by advantages in the processing of visual when microstimulation trials were interleaved (our unstimuli at corresponding locations. published data). Thus, the improvement in detection We trained monkeys on an attention task in which performance might have been achieved in part by reducing the monkey's need to allocate attention to the target they had to detect luminance changes of a peripheral Figure  6C , a particularly powerful example, the visual response have no effect on the cell's representation of that stable stimulus.
was increased by about 1.5 times, both for preferred and nonpreferred stimuli. When the evoked saccade vector overlapped the V4 RF, microstimulation of the FEF elicited a transient inAs with the psychophysical experiments, it is crucial to know the degree to which the effect of FEF microstimcrease in the responsiveness of the V4 cell to visual stimuli ( Figure 6B ). Following the end of the stimulation ulation is spatially dependent. Again, it might be that FEF stimulation heightens visual responses globally. To train, there was an enhancement of the visual response which lasted 100-200 ms. When the visual stimulus did study the spatial dependence of the response gating effect, we conducted a set of stimulation experiments in not appear in the RF, but only outside of it, microstimulation of the FEF site did not affect the cell's activity. The which the evoked saccade vector shifted the monkey's gaze to a location outside of the RF of the recorded V4 lack of an effect when the V4 cell was not visually driven rules out the possibility that FEF stimulation directly cell. In these experiments, the visual stimulus placed outside of the RF was presented at the location to which activated the cell under study, e.g., antidromically. Instead, it seems to show that the effect of FEF microstimsuprathreshold stimulation shifted the monkey's gaze. Single-unit studies of attention have found that covert ulation was to raise the gain of the visually driven response, given that the difference between the cell's attention to one stimulus suppresses responses to nearby stimuli (Reynolds et al., 1999). Therefore, if subactivity with and without a visual stimulus was increased above that of control trials. By using oriented bar stimuli, threshold FEF stimulation initiates the covert selection of the non-RF stimulus rather than the RF stimulus, we we were able to further examine the dependence of the Future neurophysiological studies will need to further specify the circuits necessary and suffito determine, owing to the animal's inability to describe
